Abstract: Aerosol has become one of the major air pollutants in East Asia, and its spatial 13 identified from 1979 to 2014. In these strong EAWM years, the sea-land pressure contrast 26 increases, the East Asian trough strengthens, and the northerly wind gets anomalous over East 27
characteristic of circulation are calculated to investigate the inter-annual variations of EAWM. The 23
National Centers for Environmental Prediction (NCEP) reanalysis data are used in EAWMI 24
calculation and meteorological analysis. Nine strong and thirteen weak EAWM years are 25 identified from 1979 to 2014. In these strong EAWM years, the sea-land pressure contrast 26 increases, the East Asian trough strengthens, and the northerly wind gets anomalous over East 27
Asia. More cold air masses are forced to move southward by strengthened wind field and make 28 cool. In the weak EAWM years, however, the situation is totally on the opposite. Finally, the 29 Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-500 Manuscript under review for journal Atmos. Chem. Phys. out that the high concentration of local aerosols in North China can weaken the incoming 104 solar radiation on the ground, increase the atmospheric stratification stability, and in turn cause the 105 continuously and cumulatively increase of aerosols. Besides, the outward transport of aerosols is 106 weakened by the weak monsoon circulation in the winter, which also helps to cause the 107 continuous fog and haze weather in China. Zhang et al. (2014) analyzed the meteorological 108 conditions during the severe fog-haze periods over eastern China in January 2013. They concluded 109 that with weak winter monsoon circulation, the upper westerly jet slows down, vertical shear in 110 horizontal winds recedes, and thereby the development of synoptic disturbances and the vertical 111 mixing of the air masses are weakened. These anomalies in meteorology are all favorable for the 112 maintenance and the development of fog-haze over eastern China. Meanwhile, the anomaly of 113 south wind in the lower and middle level of troposphere hinders the outward transport of aerosols 114 as well. From these studies, it was found that the aerosol pollution episodes are inextricably linked 115 with the weak monsoon circulation, but the conclusion was just on basis of the individual aerosol 116 pollution episodes. 117
Several researchers have tried to understand the effect of EAWM on aerosol pollution in East 118
Asia by exploring the long-term variation trends of air pollutants and climate (Niu et al., 2010; 119 Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-500 Manuscript under review for journal Atmos. Chem. Phys. found that the frequencies of wintertime fog-haze events have doubled across eastern-central 121
China, while the speed of surface wind and the frequency of cold wave respectively decreased by 122 19% and 29% for the same period. They pointed out that weakening of the EAWM is likely a 123 major cause for the changes in meteorology, and has potential impact on the enhancing aerosol 124 loading and wintertime fog in China (Niu et al., 2010) . However, they did not emphasize the 125 inter-annual variation of EAWM and aerosol, and could not reveal the exact different effects of 126 strong and weak EAWM on aerosols. Chen and Wang (2015) 
investigated haze days in North 127
China as well as the associated atmospheric circulations during 1960-2012, and mentioned that 128 the weakened northerly winds, the inversion anomalies in the lower troposphere, the weakened 129
East Asian trough in the midtroposphere, and the northward East Asian jet in the high troposphere 130 are the main causes leading to the winter haze. But, they studied the variation and the driving 131 factors in all seasons only based on the observation data of visibility. Special attention should be 132 paid to winter, and model simulation should be applied to probe the exact mechanism of the 133 EAWM impact on aerosols. Li et al. (2016a) investigated the inter-annual variation of wintertime 134 fog-haze events over eastern-central China from 1972 to 2014 and its association with EAWM. 135
They revealed that the stronger (weaker) the EAWM is, the less (more) the fog-haze events occur. 136
This phenomenon is related with the changes of near-surface winds, vertical shear in horizontal 137 winds, and divergence or convergence in the upper troposphere in different EAWM years (Li et al., 138 2016a ). However, this work was only based on the observational analysis of meteorological data, 139 and did not exactly present how EAWM impacts the distribution of aerosols. To better reveal the 140 mechanisms of the EAWM impact on aerosol, the inter-annual variation of EAWM, as well as the 141 difference in aerosol distribution in different EAWM years, should be discussed, and integrated 142 approach based on long-term observations and improved models is needed to further analyze the 143 mechanism (Li et al., 2016c) . 144
The main purpose of this study is to improve our understanding of the effects of circulation 145 variation of EAWM on the distribution and transport of aerosols. (RegCCMS) numerical simulation, we focus on (1) the long-term variation trend of aerosols in the 150 wintertime of East Asia, (2) the inter-annual variation of EAWM by identifying the strong/weak 151 EAWM years based on a EAWM index (EAWMI), and (3) the effects of strong/weak EAWM on 152 the distribution of aerosols. In this paper, detailed descriptions about the observational records for 153 aerosol and meteorology, the method to calculate EAWMI, and the adopted model with 154 configuration are illustrated in Section 2. The main findings, including the inter-annual variations 155 of AOD and EAWM, as well as the effect of EAWM on the distribution of aerosols in the winter 156 of East Asia, are given in Section 3. In the end, a brief summary is presented in Section 4. 157 158
Data and methods 159

Aerosol optical depth records and meteorological data 160
The MODIS/AOD monthly records from 2000 to 2013 are used to analysis the distribution 161 characteristic of aerosols in the winter of East Asia, and its inter-annual variation in the past 162 decade. The data can be collected from MODIS Collection 5.1 dataset, with wave band of 550 nm 163 and a horizontal resolution of 1° × 1°. Much work has been done to validate the feasibility of 164 MODIS aerosol products, and it was found that MODIS/AOD has reached the designed accuracy 165 with an error within ±0.05 ~ ±0.20 τ (Chu et al., 2002) . The application of MODIS products in 166
China presents great territorial and seasonal differences, but the applicability of the products 167 reaches above 80% in the area with homogeneous surface and high-covered vegetation, which can 168 meet the error standard (>70%) of NASA . In general, the satisfying accuracy, 169 the high spatial resolution, and the high temporal coverage of MODIS/AOD make it widely 170 applied in scientific research for the regional distribution of aerosols (Tao et 
East Asian winter monsoon index 181
EAWM is a complex atmospheric circulation system, the strength of which is affected by 182 diverse factors. The appropriate monsoon index is of great significance to explore the variation of 183 EAWM. There are lots of indices measuring the intensity of EAWM applied in previous studies. RegCCMS is applied in this study to simulate the differences in meteorological field and 238 aerosol distribution between strong and weak EAWM years, and further reveal the effects of 239 EAWM on the transport and the distribution of aerosols over East Asia. 
248
The major selected physical options in RegCM3 include the ACM2 boundary layer scheme 249 (Holtslag and Boville, 1990), the CCM3 radiation scheme (Kiehl et al., 1996) , the BATS 250 land-surface scheme (Dickinson, 1993) , the Grell cumulus parameterization scheme (Grell and 251 
290
The spatial distributions of the average value (Figure 3a ) and the changes (Figure 3b in other three regions show a rising trend. As shown in Figure 4 and Table 1 , the largest ten-year 314 increment is 13.1% in BTH, followed by 9.4% in SCB and 2.4% in YRD. Based on the satellite 315 remote sensing data, it was found that there exists the largest increase of air pollutant 316 concentrations in BTH and YRD during the last ten years, which has caused the increase of 317 particulate matter concentrations in these two regions (Zhang et al., 2012a) . Increased emissions 318 produced by human activities have resulted in the increase of AOD and haze weather in SCB, and 319 the special topography of basin can also lead to the aggravation of fog-haze pollution in this 320 region to a certain extent because of the constraint effect of topography on the transport and 321 diffusion of aerosols . As for the PRD region, there is a slight reduction in AOD 322 during recent years with the reduction of -3.6%, which may be mainly attributed to the scientific 323 Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-500 Manuscript under review for journal Atmos. Chem. Phys. 327 328 Figure 5 shows the inter-annual variation of EAWMI from 1979 to 2014. According to the 332 definition of EAWMI in Section 2.2, when EAWMI is larger than 0, the positive anomaly of 500 333 hPa geopotential height occurs over East Asia (25~40°N, 110~130°E) . In this case, the East Asian 334 trough is shallow, and its upper northwest air stream is comparatively weak. Thus, there is a weak 335 winter monsoon circulation in East Asia, which tends to result in weak cold air activities. On the 336 contrary, when EAWMI is lower than 0, there is a deeper East Asian trough that is related with a 337 stronger upper northwest air stream. The stronger cold air activities frequently take place, and 338 thereby result in the stronger winter monsoon. Thus, the value of EAWMI in a year can be used as 339 the criterion to distinguish if the year is a weak or strong winter monsoon year. 340
Inter-annual variation of EAWM 331
From the linear variation depicted in Figure 5 , the value of EAWMI shows an increasing 341 trend, with the value larger than 0.5 and even above 1 in recent years. The trend means that the 342 As shown in Figure 5 , the EAWMI also presents a strong inter-annual variation, with the 347 maximum value of 1.5, the minimum value of -2.2 and the maximum inter-annual difference of 348 3.7. According to the definition of Wang and Chen (2014) , the year with the value of 349 EAWMI >0.5 (< -0.5) is identified to be the weak (strong) EAWM year. Consequently, there are 9 350 strong EAWM years (1979, 1980, (1982) (1983) (1984) (1985) 1996 
359
Difference in meteorological fields between strong and weak EAWM years 360
The EAWMI used in this study can well illustrate the variation of circulation resulting from 361 the EAWM anomaly. 
pressure, it is found that the thermal low over the west Pacific Ocean strengthens as the increased 375 EAWMI (Figure 6c) . Generally, there are a cold high on the land and a thermal low on the sea in 376 the winter of East Asia. Thus, the positive correlation in Figure 6c also means that the sea-land 377 pressure contrast decreases in weak EAWM years while it increases in strong EAWM years. When 378 it comes to precipitation (Figure 6d) , it increases when the value of EAWMI rises up. It can be 379 concluded that there is more rainfall in weak EAWM years than in normal years over East Asian 380 continent. On the contrary, the East Asian continent features a dry cold climate with low surface 381 temperature in strong EAWM years. Overall, it is convinced that the EAWMI can reflect the 382 variation anomaly of 500 hPa geopotential height, surface temperature, sea-level pressure and 383 precipitation over East Asian continent to some extent. 
389
The differences in meteorological factors between strong and weak EAWM years are 390 examined, targeted at the 9 strong and the 13 weak EAWM years mentioned in Section 3.2. Figure  391 7 shows the average anomaly of the meteorological factors in the strong and the weak EAWM 392 years. Apparently, the spatial distributions of circulation and meteorological factors in the strong 393 EAWM years are almost completely opposite to those in the weak EAWM years. Figure 7a illustrates that there is a negative anomaly of sea-level pressure in the strong EAWM years. The 407 sea-level pressure is lower in these years than in normal years, which means that there are larger 408 sea-land pressure contrast and stronger winter monsoon circulation in strong EAWM years. 409
However, Figure 7f presents the different pattern in the weak EAWM years, that is, the sea-land 410 pressure contrast is smaller and the winter monsoon circulation is generally weaker. Figure 7g and 411 h provide the surface air temperature anomaly. It is clearly observed that there is a negative 412 anomaly of the average winter temperature in the mainland of China in the strong EAWM years 413 (Figure 7g ). The drop of air temperature should be related with the fact that more cold air masses 414 may be transported from north to south (Figure 7c ). In the weak EAWM years, the opposite 415 conditions appear (Figure 7h) . 416
On the whole, the anomaly of atmospheric circulation in the strong EAWM years can be 417 characterized as: (1) there is a positive anomaly in the Siberian High, a negative anomaly in 418 sea-level pressure over Pacific Ocean area, and an apparent increase of sea-land pressure contrast; 419 (2) there is an obvious anomaly of cyclonic circulation in 850 hPa wind field over East Asia, and 420 thereby the northerly wind prevails over East China; (3) the 500 hPa geopotential height gets 421 
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Difference of aerosol distribution between strong and weak EAWM Years 434
The spatial distribution of aerosols is not only highly connected to the local anthropogenic explained by the prevailing wind over East Asia. In the strong EAWM years, there is a prevailing 463 northerly wind, which can transport more aerosols in the north to the south area of East Asia. In 464 the weak EAWM years, however, the wind is not strong, and more pollutants may be trapped and 465 accumulated in the north because of the stagnant weather condition. 466
On account that the East Asian winter monsoon circulation tends to be weakened in the past 467 decades (as shown in Figure 5) , the weak of EAWM should be another cause that results in the 468 increase of AOD over YRD, BTH and SCB but the decrease of AOD over PRD during this period 469 (as shown in Figure 4 ). As discussed in Section 3.3, the weakening of EAWM circulation is highly 470 related with the weakening of the East Asian trough and the Siberian High, the reduction of the 471 sea-land pressure contrast over Pacific Ocean area, and the decrease of the northerly wind over 472 East China. Thus, the weather tends to be more stagnant in recent years, and thereby more aerosols 473 remain and lead to higher AOD values in the source areas (such as YRD, BTH and SCB). In 474 winter, more pollutants are emitted from the surface in the north because of more heating demands, 475
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Simulation of the effects of EAWM on aerosol distribution 487
To reveal the possible impacts of EAWM on the transport and the distribution of aerosols, the 488 (e) 
Model validation 498
In order to evaluate the model performance, the NCEP reanalysis data is adopted to verify the 499 accuracy and applicability of the modeling results from RegCCMS. Figure 9 shows the 500 comparisons between the reanalysis data and the model results in winter (December, January and 501 and wind field at 850 hPa, air temperature at 500 hPa. It is certain that the results from RegCCMS 503 simulations are consistent with those from the NCEP reanalysis data. The best performance can be 504 found in the simulations for the surface air pressure (Figure 9a ). The simulated high and low 505 values of surface air pressure, as well as the spatial distribution, match well with the reanalysis 506 data. The simulated air temperature fields at 850 hPa and 500 hPa are also in agreement with the 507 NCEP data except for those in the Qinghai-Tibet Plateau (Figure 9b and c) . For the wind field at 508 850 hPa, the model performs well in the simulation of wind direction, wind speed and wind field 509 structure in the wintertime of East Asia (Figure 9d) . In a word, the modeling results of RegCCMS 510
show good correlation with the observations, suggesting that RegCCMS is able to capture and 511 reproduce the features of meteorological fields in different monsoon years. 512 513 
520
Figure 10 provides the simulated differences in the distribution of meteorological factors 521 between the strong and the weak EAWM years, including air temperature at surface and wind field 522 at 850 hPa. For the wind field at 850 hPa, there is evident cyclonic circulation and northerly air 523 stream in East China. As a result, the existing northerly wind anomaly is conducive to transport 524 more cold air masses from the north to the south. Thus, there is a more obvious negative 525 temperature anomaly in the mainland of East Asia in the strong EAWM years than in the weak 526 EAWM years. The change areas of air temperature are in agreement with the changes of 527 atmospheric circulation, which further proves that much stronger northerly wind can result in the 528 southward invasion of cold air masses and the drop of air temperature in the strong EAWM years. 529
The above findings from the modeling results coincide with those from the observational data 530 analysis in Section 3.3, implying that RegCCMS performs well in the simulations for the anomaly 531 of meteorological fields in the strong and the weak EAWM years. 532 
553
Effects of strong and weak EAWM on the distribution of aerosols 554
As shown in Figure 11 28°N-29°N (Figure 11a ). The result is the same for the differences in regions 561 with secondary high value. For the area of 110°E-113°E and 27°N-32°N, the aerosol column 562 content ranges from 140 to 160 mg·m -2 in the weak EAWM years, while the value is lower than 563 140 mg·m -2 in the strong EAWM years. 564
Furthermore, Figure 12a and b demonstrate the anomaly of aerosol column content and 850 565 hPa wind field in the strong and the weak EAWM years, which greatly differ in the spatial 566 distribution. As shown in Figure 12a , in the strong EAWM years, there is a negative anomaly in 567 the area east to 110°E and north to 28°N, with the maximum reduction over -10 mg·m -2 . In 568 contrast, there is a positive anomaly in the weak EAWM years for the same area, with the 569 maximum increment over 20 mg·m -2 . In addition, in the strong (weak) years, there is a negative 570 (positive) anomaly in the region of 26°N-30°N near SCB, with the maximum change value over 571
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-25 (30) mg·m -2 . As to the wind anomaly at 850 hPa, it can be found that there are a northerly 572 wind anomaly and an increase in the component of north wind in the strong EAWM years, which 573 should be linked with the effects of cyclonic circulation over Ease Asia. On the contrary, East Asia 574 is influenced by the anticyclonic circulation in the weak EAWM years. There appears a south 575 wind anomaly and a weaker northerly wind than those in normal years. 576 Figure 12c shows the difference in the distribution of aerosol column content as well as the 577 wind at 850 hPa between the strong and the weak EAWM years. It appears that the northwest 578 wind in the area north to 28°N is stronger in the strong EAWM years than in the weak EAWM 579 years, which helps to transport more aerosols from the north to the south. In consequence, the 580 decrease of aerosol loading can be found in most land areas of East Asia, with the highest 581 decrement over -60 mg·m -2 in North China and SCB in the strong EAWM years. Meanwhile, the 582 west wind in the area south to 28°N is strong as well, which can further transport aerosols to the 583 coastal areas in the south. Thus, the synthetic impacts of the north and the west wind cause the 584 significant increases of aerosols in the coastal areas of Fujian, Guangdong and Guangxi, with the 585 typical increment over 25 mg·m -2 . This driving effect of wind on the distribution of aerosols 586 results in the higher AOD value in the south and lower in the north in the strong EAWM years, 587 which has been displayed in Figure 8 . (2) With the aid of the EAWM index, it can be summarized that there are 9 strong EAWM 665 years (1979, 1980, 1982-1985, 1996, 2001 and 2010) and 13 weak EAWM years (1986-1989, 666 1997, 1998, 2002, 2005-2006, 2008, and 2012-2014) during the period from 1979 to 2014. The 667 intensity of winter monsoon is stronger before 1986 and gets weakened since 1986. The 668 meteorological conditions differ in different EAWM years. In the strong EAWM years, the 669 sea-land pressure contrast gets increased, the East Asian trough gets strengthened, and the 670 northerly wind anomaly dominates over East Asia. The stronger wind transports more cold air 671 masses southward and causes the air temperature drop in the mainland of East Asia. The change 672 patterns of meteorological factors are just the opposite of those in the weak EAWM years. 673 (3) Though higher aerosol loading in winter is largely ascribed to the huge emission 674 generated by human activities, the EAWM circulation can change the distribution of aerosols as 675 well. The northerly wind speeds up over East Asia in the strong EAWM years and transports 676 aerosols southward, resulting in AOD higher in the south and lower in the north of East Asia. In 677 contrast, in the weak EAWM years, the northerly wind slows down and allows more aerosols to 678 accumulate in the North China Plain, resulting in AOD higher in the north and lower in the south. 679
The long-term weakening trend of EAWM may potentially increase the aerosol loading over YRD, 680
